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ABSTRACT advanced to an extent that allows a more definitive analysis. See
Blade row interaction effects on loss generation in Hathaway [2], Smith [3], and Van Zante [4] among others, for

compressors have received increased attention as compressofll Overview of research on a wide range of unsteady
work-per-stage and blade loading have increased. Two Phenomena.

dimensional Laser Doppler Velocimeter measurements of the The database of time-resolved velocity measurements in
velocity field in a NASA transonic compressor stage show the high-speed machines suitable for assessing blade row
magnitude of interactions in the velocity field at the peak interactions is small. An early and notable set of data were
efficiency and near stall operating conditions. The experimental acquired by Ding [5] in a closely-coupled, 3-stage, transonic
data are presented along with an assessment of the velocity fieldaxial compressor. He noted ‘violent flow acceleration and
interactions. In the present study the experimental data are useddeflection across an axial distance of only 4mm’ from
to confirm the fidelity of a three-dimensional, time-accurate, measurements taken between stator 2 and rotor 3 of the
Navier Stokes calculation of the stage using the MSU-TURBO compressor. The measurements hint at the possibility for
code at the peak efficiency and near stall operating conditions. interaction effects to be significant in some machines. Other
The simulations are used to quantify the loss generation data sets of note include that of Williams [6] in a close-coupled,
associated with interaction phenomena. At the design point the multi-stage, high-speed compressor, Hathaway [2] in a loosely-
stata pressue field has minima effect on the rotor performance.  coupled transonic fan stage, Ottavy, et al. [7] of IGV-transonic
The rotor wakes do have an impact on loss production in the rotor interaction in an HP compressor stage, and Estevadeordal
stator passage at both operating conditions. A method for et al. [8] for DPIV measurements of IGV-transonic rotor
determining the potential importance of blade row interactions interaction.

on performance is presented. The above mentioned data do not provide a direct measure of

INTRODUCTION thermpdynamic guantities from which Iqss can be calculated.
The time and length scales in turbomachinery flows have so far
precluded these types of measurements although development
continues in the area of time-accurate non-intrusive state
variable measurements (for example Berreby, et al, [9]). A

The performane of compressa and the sophisticatio of
analysis tools have reached a level such that less well
understood flow mechanisms are gaining in importance to
designers. The_impact on compressor perfqrmancg of many of rational approach to quantifying losses due to blade row
these mechanisms, such as blade row interactions, is NOtineractions is to use a detailed set of experimental data to aid in

typically addressed in current design systems. Although ine setyp and verification of the time-resolved velocity field of a
attempts were made to quantify the impact of these mechanisms,merical computation. A detailed set of 2D LDV rotor wake-

(for example Kemp and Sears [1]) more than 40 years ago, giator interaction data acquired in a NASA transonic compressor
measurement and computational methods have only recentlyStage and the resulting time-accurate computations are

presented here.
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Recent computational work on blade row interactions analyzed for its possible impact on HP compressor performance
includes that of Epstein et. al [10] who looked at spatial €even though contemporary compressor designs have highly-
variations in flow properties downstream of a high speed rotor loaded, tightly-coupled blade rows. The simulations done in the
due to the potential field of the downstream stator. NASA Stage above references were setup in such a way that the blade rows
67 was the compressor geometry used. This work used the LDV were not fully coupled because of the difficulty in de-coupling
data of Hathaway [2] and numerical results from a 2D inviscid the individual mechanism influences on loss production. For
time-accurate computation. Rotor/stator spacing and the ratio of example, in Valkov and Tan the rotor wake character was
rotor pitch to stator pitch were found to have a significant prescribed and held constant with circumferential position
influence on the magnitude of the variations. Stator loading had relative to the stator. This allowed the authors to assess stator
only a minor influence. For rotor/stator spacings typical of high losses for a particular rotor wake but ignored possible additional
bypass ratio turbofans the non uniformities are negligible. losses due to the stator potential field causing changes in the
Epstein et. al used the Stage 67 geometry to do a parametricrotor wake with circumferential position.

study of the interactions at a range of rotor/stator spacings and The present work focuses on answers to the following

pitch ratios typical of HP compressors. The numerical g estions for a high-speed, closely-coupled, moderately-loaded,
calculations for spacings typical of HP compressors showed the compressor stage:

possibility of large circumferential variation of rotor flowfield o }

properties due to back pressure from the stator. Interestingly, the 1.  Does the stator have a significant influence on rotor loss
variations in total temperature and total pressure were found to production?

be in phase so the variation in adiabatic efficiency due to non- 2. Do the rotor wakes and rotor tip clearance flow have a sig-
uniform rotor exit properties was small as long as the measuring nificant influence on stator loss production?
instrumentation was located in identical locations relative to the

stator blade. From a design viewpoint, knowingvhen to consider

interaction effects on performance may be more important than
Valkov and Tan [11] examined the influence of rotor wakes knowing what the fluid mechanics of the interaction
and the rotor tip clearance flow on the performance of a mechanisms are. Therefore, a simpler approach is proposed for
downstream stator. They found two opposing mechanisms at determining the strength of interactions [Capece, 12]. The

work in the stator passage: 1) beneficial ‘recovery’ of the unsteady change in static pressuse _at a blade row exit
disturbance energy of both the wake and clearance vortex due to.

LS : . is a measure of a downstream blade row’s influence. The
vortex stretching in the stator and 2) an increase in loss due to .
distortion of the stator boundary layers because of the unsteadyrP would encompass effects such as the potential

disturbance velocity field created by the upstream blade row. field of a downstream stator or the bow wave of a downsteam
Overall the benefit of recovery was greater than the increase in transonic rotor. The unsteady change in velocity (disturbance
stator boundary layer interaction loss for the geometry flow is the term used by Valkov and Tary , due to wakes or
considered. Rotor/stator spacing and the frequency of rotor clearance flow is a measure of the upstream blade row's
wake fluctuations (such as vortex shedding) had a significant jnfluence on the downstream blade. Bath and are

influgnce on benefit/loss ratio. The bengfit of recovery relative to estimable from a steady flow simulation, APNASA in this case.
Iossllncre.asgd as the rotor/stator spacing was decreasgd. Stato(Ehanges in loss due to interactions will be determined from the
loading distribution had a second order effect. The magnitude of . .

the velocity disturbance entering the downstream stator has anunsteady calculation and correlated with AR i - The
important influence on the profile losses of the stator. This work 9oal is to determine what regimes of operation as characterized
confirms that interaction mechanisms can be important and is by APg.,;. andAVv result in significant interactions which may

evidence that the velocity non-uniformity at the stator inletis a be detrimental to compressor performance or which may
characteristic parameter of the interaction strength. The stator invalidate results from design systems which do not account for
influence on rotor loss production was not considered in this these interactions.

work.

static

static

static

This paper is organized as follows. The experimental setup,
Loss generation due to blade row interactions is a coupled the numerical codes used, and the loss analysis techniques are
problem. In a compressor stage, for example, the stator described first. Detailed 2D LDV measurements are shown next
generates a pressure pulse as a gust response from chopping thgnd some preliminary analysis of the magnitude of the blade
rotor wake. The pressure pulse interacts with the upstream rotor row interactions is done using the LDV data alone. These
which in turn responds to its altered downstream boundary measurements were used in a previous study to assess
condition. The result is a complex flowfield where it is difficult performance effects due to wake Chopping/transport phenomena
to distinguish between cause and effect. This coupling of the in the stator [Van Zante, et al., 13]. The setup and validation of
rotor and stator is well known in fan acoustics but has yet to be the MSU-TURBO simulation is shown next. Finally the loss
production in the stage is analyzed using both the steady and
time accurate simulation results.

NASA/TM—2003-212180 2



EXPERIMENTAL SETUP

The LDV measurements were acquired in the NASA Glenn
Research Center single-stage axial-flow compressor facility.
The test stage consisted of NASA rotor 35 and NASA stator 37.
The rotor had 36 blades and was operated at a tip clearance of
0.58mm (1.0% of tip axial chord). The stator had 46 vanes and
also had a tip clearance gap at the casing of 0.48mm to
accommodate the LDV window. Details of the blading design
are in Reid and Moore [14].

The hybrid stage (rotor 35/stator 37) was used because NASA
rotor 37 was damaged by the implosion of an LDV window
early in the test program. Rotor 35 was matched to stator 37 by
restaggering the stator 4 degrees open and by operating the stage
at 80% (363 m/s tip speed) of design speed to avoid choking ]
problems in the stator. LDV data and aero performance data Figure 1. LDV data measurement locations.
were acquired at both the peak efficiency (PE) and near stall
(NS) operating conditions.

Circumferential Position, degrees

o
N

Axial Position, cm

_ _ models for the deterministic stress terms that arise from
A large window, which conformed to the 3D shroud contour, - Adamczyk's decomposition of the Navier Stokes equations.
provided optical access to the flowfield from one rotor chord However, not all interaction mechanisms are currently captured

upstream of the rotor to one stator chord downstream of the py this approach (wake chopping and transport for example),
stator. LDV measurements were acquired at 75% span from the thus the motivation for the current work.

hub across one stator pitch as shown in Figure 1. Detailed
pitchwise surveys were acquired from the rotor trailing edge
through 20% stator chord, and at 50%, 90%, 110%, and 120%

APNASA uses a modified k-turbulence model which is
described in Shabbir, et al [16]. Sheared H-meshes were used

. d had 81 nodes along the blade chord and 71 nodes radially.
stator chord. Typically there were 15 to 18 measurement 2V 9 y
ypically W u The rotor had 9 cells and the stator had 8 cells across the

locations in a pitchwise survey at each axial position. The 110% | tth ina. Th I ked at th .
stator chord plane is the closest to the stator trailing edge where &'€arance gap atthe casing. the cefls were packed at the casing

a complete pitchwise data survey was acquired and thus is used" both blade rows to capture Fhe wall bouno_led shear layer so
as the stator exit condition. The LDV data were acquired phase that the rotor tip clearance flow is accurately simulated [17]. The
locked to rotor position. The data were then ensemble averagedromr had 51 nodes and the stator 79 nodes in the circumferential
to a single rotor bIadé passing. One rotor blade passing is direction. The distance of the first node tangentially from the
divided into 184 measurement windows. The error in the LDV blade surface was chosen to give good mesh quality as well as

. . .. be consistent with the wall function assumption in the
measurements is approximatedy.o m/s for absolute velocity turbulence model. The measured total pressure and total

and+0.5 degrees in absolute flow angle. For more detail on the temperature profile was used as the upstream boundary

LDV measurements and aero performance measurements se@ondition for the simulation. A hub static pressure and radial

Van Zante, et. al [4]. equilibrium were used for the outflow boundary. The steady
simulation flow fields were used as the starting solution for the

NUMERICAL CODES time accurate calculations which results in a large savings in

Three-dimensional steady Reynolds Averaged Navier-Stokes computation time for the time accurate simulations [19].
(RANS) simulations of the compressor stage were done with
APNASA (version 1.13) developed by Adamczyk [15].

APNASA s a unique multi-stage turbomachinery solver that decoupled ke equations. The le-model is the same formulation

models the influence of_n_elghborlng blade rows by the use of as is used in APNASA. Extensive and as yet unpublished
body forces and deterministic stress terms. This approach does

o - comparisons were done to validate the operation of tle k-
not utilize a mixing plane between blade rows. Instead, the mesh . . .

. . . model in TURBO. The parallel computation version of TURBO
domain for each blade row encompasses both its previous and

following blade row. The axisymmetric influence of the was used [18]. The parallel code allows computations with grids

. . o of sufficient size to allow realistic simulations in a reasonable
neighboring blade rows appears as body forces within the . . .
. .~ amount of time. The size of the intra-blade row meshes are now
upstream and downstream extents of the computation domain.

Additional unsteady interaction effects are simulated by closure of the same or higher density than the steady flow calculation
y y meshes. TURBO also incorporates a time-shifted boundary

condition that allows calculations with actual blade counts using

Time-accurate solutions were generated using MSU-TURBO
which solves the unsteady RANS equations along with

NASA/TM—2003-212180 3



a single passage for each blade row [19]. The peak efficiency o

simulation used 1D non-reflecting boundary conditions with a | Stations: inlet otor

base flow determined from the APNASA simulation. The near J Y et e Sor |
stall simulation was more difficult to obtain and required using a - ‘
prescribed total pressure and total temperature profile at the inlet

and a hub static pressure with radial equilibrium at the exit.

Stator 37

20—

Radius, cm

Careful attention to mesh topology is necessary to achieve
high quality simulations with time-accurate codes. The Average -
Passage Grid (APG) generator of Beach [20] was used to build «———— Turbo mesh extent ————» 1
the rotor and stator meshes for the TURBO calculation. APG 15F APNASA mesh extent -
creates single block H-meshes which are elliptically smoothed r
in the blade-to-blade direction. This allows better definition of i
leading and trailing edges and eliminates the high aspect ratio S
cells at the blade inlet and exit planes which are a consequence Axial Position, cm
of the sheared H-mesh topology. The elliptic smoothing _. _ .
distributes nodes more uniformly at mid pitch and thus results in Figure 2. Computat_|ona| mesh extents and stations
meshes which are better able to capture flow features which used for loss analysis.
convect or propagate into the domain of one blade row from
neighboring blade rows.

designed’ stator 37. This difference may account for some of the
) discrepancy between the experiments and simulation aero
gap, and 55 nodes in the circumferential direction (600,376 total zante [4]. Details of the velocity field (wake width and depth) at
nodes). The stator has 81 nodes on the blade chord, 71 nodes;so4 span where the LDV data were acquired will not be
circumferential direction (790,869 total nodes). The distance of consequently, the LDV data are used to validate the kinematics
the first node tangentially from the blade surface was set the of the TURBO simulation velocity fields to insure mesh

same as the APNASA mesh. To maintain higher grid density in topology is adequate to capture the rotor wake behavior. The
the rotor wakes, the rotor/stator mesh interface was located |ogg analysis for the stage is then done usiogy the

slightly downstream of mid rotor/stator gap. The inlet to the  gimylations because they are self consistent.
stator mesh has equally spaced cells in the tangential direction
which are of approximately the same size as the rotor mesh cells

k f ‘ . i Table 1: Aeroperformance of the stage.
in the wake region. This assures approximate matching of nodes

across the mesh block interface so that the rotor wake is Mass  |Pressure|Temp. |Adiabatic|Input
convected across it with minimal dissipation due to flow, kg/s | Ratio Ratio Effi- Power,
interpolation. The TURBO calculation used 160 time steps per ciency kW
rotor blade passing with 6 Newton subiterations per time step. | Experiment

PE 17.2 1.40 1.113 88.5

Figure 2 shows the computational mesh boundaries relative to
the blading for both the APNASA and TURBO simulations. The |NS 15.1 1.49 1.148 81.0
TURBO mesh has smaller axial extents to reduce the [aApNASA
computational resources needed. The rotor/stator gap varie

. . . PE 171 1.44 1.126 87.6 624
from 21.2% of stator hub axial chord to 32.4% of stator tip axial
chord from hub to tip respectively. NS 15.2 1.52 1.154 81.8 683
Table 1 shows the aeroperformance of the stage from the TURBO
experiment and from the simulations. The simulations were |PE 17.2 1.46 1.130 87.1 648
converged to the same mass flow as the experiment operating NS 15.2 1.54 1.161 81.8 707

conditions. APNASA and TURBO are in good agreement for
pressure ratio and temperature ratio while the respective data
show lower values for the stage at both operating conditions.
The stator blades for which the LDV and aeroperformance data STAGE LDV DATA

were acquired were attached at the hub and were thickened for The LDV data have the temporal and spatial resolution
structural reasons in the lower 40% of span relative to the design necessary for a detailed evaluation of the wake/blade
stator 37. The geometry used for the simulations was the ‘as interaction. Figure 3 shows rotor wakes inside of the stator

NASA/TM—2003-212180 4
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A. Peak Efficiency B. Near Stall
Figure 3. Relative velocity magnitude (m/s) at two rotor/stator orientations from LDV data.

passage at two rotor/stator positions for both measured near stall rotor wake is greatly attenuated and, by tracing the
operating conditions. The time resolution of the data is 184 time wake centerline, it is apparent that the wake is already being
steps (data windows) per rotor blade pitch. The limited spatial tilted and stretched in the stator passage as compared to the peak
resolution of the data results in some lack of smoothness in the efficiency case.

contour lines. The upper plots in the figure show the first rotor

position. Part A shows that the peak efficiency rotor wake is a Rotor losses

narrow, well defined region and it remains so to nearly the  The influence of the stator potential field on the rotor appears
suction surface of the stator. The near stall wake shown in Part B i, the LDV data in two ways: 1) a variation of time average
is wider and of about the same depth, but shows a stronger gpsolute velocity relative to stator position at the rotor trailing
interaction with the leading edge region of the stator. The scale gqge plane and 2) a variation of rotor wake characteristics
of the figure precludes a detailed view of the attenuation near (gepth/width) relative to stator position. Figure 4 shows that the
the suction surface due to the gust response of the stator.yariation of time-average absolute velocity with stator pitch is
However, by following along the wake centerline it can be seen 3 /s for peak efficiency and6 m/s for near stall. Assuming
that the near stall wake deficit is attenuated more rapidly than that the velocity variations are small compared to freestream

Fhe peak gfflClency wake as the suction surface is approached. Itvelocity, the variation in static pressure can be estimated as
is also ewdgnt that thle. stator is more forward loaded at the near (assuming constant time average total temperature):

stall operating condition as seen in the freestream velocity

gradients and the enlarged stator leading edge stagnation region. P Dl—yMZA—V

The lower plots of Figure 3 show the rotor wake at or near being P Vv

chopped by the lower stator blade. The peak efficiency wake

interaction with the stator leading edge is again minimal. The For the near stall case, assuming a nominal freestream Mach

number of 0.55, a freestream velocity of 150 m/s, anklva of

NASA/TM—2003-212180 5
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Figure 4. Time average absolute velocity at 75% span, )

rotor trailing edge axial location from the LDV data.

+6 m/s the ratio ofP/P,, = 1.0+ 0.017 . This variation in rotor

back pressure iz6 % of the static pressure rise through the
rotor. At peak efficiency the variation is2 % of static pressure
rise through the rotor. The influence of this back pressure
variation on rotor loss production (if any) will be quantified in a

Axia Velocity, m/s

Symbol % Pitch

later section. w00l ° 0

[m]
Variations of the rotor wake profiles near the rotor trailing I A o Ps L
edge with circumferential location would be another indication o §- x
0‘8

of an influence of the downstream stator. Figure 5a shows the e

rotor wake at different circumferential locations at 00 02 Cotor Pessing Periad

approximately 105% rotor axial chord. This is a difficult region

in which to acquire data due to high window curvature and seed b.)

contamination of the window surface. Some additional scatter Figure 5. Wake profiles at the rotor trailing edge at
and reduction in data quality are to be expected. Only the axial 750 span from the LDV data. a.) Peak efficiency. b.)
component of the velocity is shown. The plots of the tangential Near stall.

velocity are in the appendix of ref. [4]. The peak efficiency

wakes show little variation in width or depth with spatial results at the rotor trailing edge. The TURBO wake comparison
location. The freestream velocity shows a small variation as is done for the rotor trailing edge at the 50% stator pitch
would be expected from the variation in time average absolute location. As is characteristic for CFD calculations in general
velocity. The similarity of the wakes indicates that the stator [21,22], TURBO and APNASA show a very deep wake

potential field has minimal effect of rotor loss production at the compared to the LDV data. The nature of LDV data acquisition
peak efficiency condition even for this closely coupled high- and ensemble averaging could account for most of this
speed compressor stage. difference in wake depth very near the rotor trailing edge. LDV

The wakes at the near stall operating condition show a greater da:]a:inacqwsvl\tli?hn ti?noesb not glvenaL[\)/slonilty tr;':\cri r\:\:hi'Ch r:IS
variation with position relative to the stator, Figure 5b, which co iruzluv?/h n ed e(rzgulse a thr ea;lstjhe reb ‘?’/? n)1/
indicates that the presence of the stator is influencing the rotor. acquirec when a seed particie passes through th€ probe voiume.
The pressure surface boundary layer seems unaffected but theEaCh velocity is tagged with the rotpr angular position using a
suction surface boundary layer shows increased thickness. Theshaft angle encoder and placed in the proper measurement
freestream shows greater variation as expected also. TheW'ndOW'. Measurements are processed to obtain an average for
increased suction surface boundary layer thickness may indicatee;"tm:]1 ;Nlnc:o:g/ a:d E/hern ensemble av_?;agrjefl racrglssOI or;e bl?l%de
increased rotor losses at certain rotor/stator positions. A changep ch to yleld an average passage. 'herelore, blade-to-blade

in rotor loss with circumferential position (if any) will be gerc])n;](retrg dlffr?]ret?c:s, ¢ Vt?]rte); tsPevc\JldLng,Wiﬁr brOthgrn n’[?ln-
guantified using numerical simulations. synchronous ‘motion -0 e rotor waxe oade €
ensemble average rotor wake and decrease the wake depth. The

10

Figure 6 compares the wake profiles for LDV data and CFD

NASA/TM—2003-212180 6
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deep narrow wake near the rotor trailing edge is especially
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Figure 7. Wake profiles at the stator leading edge
plane, 75% span, 50% stator pitch. a.) Peak efficiency.
b.) Near stall.
measurement point.

Figure 8 shows the remaining wake signature at the 110%

susceptible to these effects. Consequently, the agreement isstator chord location. At mid pitch, the near stall wake is nearly

quite good for wake width and freestream velocity for peak
efficiency but marginal for the near stall simulation.

Stator losses

Figure 7 shows the rotor wake profiles at the stator leading
edge plane for peak efficiency and near stall. Again, only the
axial velocity component is shown here. The wake axial velocity
deficit is 24% and 23% of freestream for peak efficiency and
near stall respectively at the stator midpitch location.

Figure 7 also compares the wake profiles of LDV and CFD at

completely attenuated while the peak efficiency wake still
shows identifiable structure. The wakes go through similar
viscous dissipation but the near stall wake is stretched
substantially more in the stator passage thus resulting in its
greater attenuation [13].

Figure 8 also compares the wake profiles near the stator exit
to TURBO results. The simulations again show reasonable
comparison to data. This indicates adequate grid density
throughout the stator passage to capture the wake behavior.

It is difficult to determine the influence of the rotor wakes on

the stator leading edge. Note the good comparison between datahe stator loss by using only LDV measurements. LDV
and simulation indicating that the simulations have the correct measurements of the stator wake region do show variations due

disturbance velocity field entering the stator. The TURBO

to the convected rotor wakes but much greater spatial resolution

results are taken from the nearest node to the experimental datayould be necessary to measure changes in the stator boundary

NASA/TM—2003-212180 7



layer character. To analyze the stator performance and to 260]
quantify the rotor performance influences analysis of a
numerical simulation is necessary.

o LDV
+ Turbo

240 —

LOSS ANALYSIS

The TURBO solutions are analyzed using the concept of
irreversibility which comes from the field of availability
analysis. The ideas and thermodynamics behind availability
analysis are discussed in detail in VanWylen and Sonntag [23].
Typically the performance of a device such as a compressor is
rated using an energy based or first law efficiency. For example,
adiabatic efficiency is derived from comparing the actual
thermodynamic end state of a process to the fictitious end state 16%_;) e
for an isentropic compression process. Instead irreversibility Rotor Passing Period
looks at how much work would be done if the fluid went a.)
through thesame change in state except in a completely 200 ———— — — — —
reversible process. Irreversibility is the difference in work i ’
between the reversible and the actual process. VanWylen and - e
Sonntag also use the term ‘Lost Work’ for the irreversibility that h
occurs in a process. For a compressor the irreversibility or lost
work is the additional amount of work that is put into the
machine to overcome the losses in reachingaitieal end state
condition.

140 —
For an adiabatic, steady-state, steady-flow (SS,SF) process the [ o Lov X

irreversibility, 1, is: [+ Turbo
120 —

I=3TomeSe—3 Toms, [ \

For a SS,SF adiabatic process the irreversibility occurring in a 100 v i o o5
control volume is defined as the difference in entropy flux at the Rotor Passing Period

exit and inlet multiplied by a reference temperature. In the b.)

availability analysis framework the losses occurring in a real

process are recovered by a reversible heat engine interactingFigure 8. Wake profiles at stator trailing edge plane,

with the surroundings at a temperatafg . Thus, irreversibility 75% span, 50% pitch. a.) Peak efficiency. b.) Near

has units of power which are easily converted to physically
understandable units such as horsepower or watts [24]. The
choice of T, is not arbitrary and in this case is chosen as Time average loss

standard day, the inlet condition for the simulations. Figure 9 shows the irreversibility for different axial locations

Irreversibility has the advantages: 1. the actual process end through the compressor stage for the peak efficiency and near
states are used, 2. it is simple to calculate for compressors from Stéll operating points. The inlet location corresponds to the axial
the standard output data of a CFD simulation, 3. the results are POSition of the inlet to the TURBO mesh, see Figure 2. The rotor
in physically understandable units with a thermodynamic EXIt.I.S the plane_ of the rotor trgulmg edge (not a constant axial
rational for having computed them that way. The disadvantages POSition). Likewise the stator inlet and exit planes are at the
are: 1. CFD codes can give spurious entropy sources andPlade edges. The TURBO results are presented as a time
numerical errors (the first law efficiency is also impacted by 2verage loss which is calculated by averaging the loss at each
these errors), 2. entropy production can be computed directly time step. Figure 10 shows the f:hange in |rreyer3|bll|ty through
from the viscous dissipation function and heat transfer across a "€ "otor, gap, and stator which makes differences in loss
temperature gradient [25] however, the information necessary to Production more apparent. The total input power for each
compute entropy production directly is not typically available in ~ Simulation at each operating condition is shown in Table 1.
standard CFD simulation output. As a tool for quickly assessing  Irreversibility relative to reference conditions is computed at
losses in a design environment the advantages of using the inlet plane. The results show slightly more loss (1.1-1.5kW)
irreversibility outweigh the disadvantages. in the APNASA simulation inlet boundary layer. The flowfield

at this location is steady in the relative frame so both the steady

Axia Velocity, m/s

", P
Ty o+
PS g Ss

180 —

[y
o

Axial Velocity, m/s

L b et
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Figure 9. Loss (kW) at stations through the Figure 10. Loss production in the rotor, gap, and
compressor stage. stator.

and unsteady computations should yield identical results. Thus difference between inlet and exit irreversibility. This method
the inlet plane provides a measure of the magnitude of loss does not account for radial or tangential migration of fluid in/out
difference which might be considered significant. of the regions.

The loss production in the rotor is similar for the simulations Figure 11 summarizes the results of this loss audit. For
at each operating condition as shown by the results for the rotor example, the tip region showed 2% less time average loss in the
exit station. It will be shown in the next section that the variation TURBO calculation than the APNASA results which indicates
of loss with stator position is small therefore the loss production no significant change. The pressure surface boundary layer
in the rotor should be similar for both steady and unsteady shows a very large increase in loss relative to APNASA. This
codes. For this compressor stage most of the loss productionloss difference is too large to be attributed to any changes in
occurs in the rotor due to the shock, airfoil boundary layers time mean incidence angle alone. This increase in loss is a
including shock/boundary layer interaction, and tip clearance combination of the rotor wake/stator boundary layer interaction,
flow. migration of rotor wake fluid to the pressure surface boundary
layer and the wake/stator leading edge interaction. Figure 12
illustrates these phenomena with an instantaneous view of the
entropy and disturbance velocity (instantaneous velocity - time
average velocity) in the stator for the peak efficiency operating
condition (see also Sanders, et al. [26]). The rotor wakes are

At the stator trailing edge station the TURBO results show a clearly visible as regions of high entropy. The ‘negative jet’
higher time average loss than APNASA for both operating behavior of the wake region can be seen in the disturbance
conditions. When considered as a change in loss across theyelocity vectors. The high entropy rotor wake fluid migrates to
stator, the stator losses as predicted by TURBO are nearly the pressure surface of the stator and stator suction surface
double that of APNASA, see Figure 10. However the absolute houndary layer fluid is drawn into the core flow. There are large
value of the difference is relatively small so further investigation disturbance velocities near the pressure surface near the stator
of the loss production in the stator is warranted to determine if |eading edge also. There is increased loss production in this area
the differences are real. relative to the steady simulation.

A loss audit of the stator passage is done at the peak efficiency The rotor wake/stator leading edge interaction contributes
condition to determine where the changes in loss production approximately 50% of the additional pressure surface boundary
occurred. The stator passage is divided into five regions: tip |ayer loss in the TURBO calculation. This was determined by
boundary layer, hub boundary layer, pressure surface boundarycomparing the loss in the pressure surface boundary layer at
layer, suction surface boundary layer, and the core flow. These 250 stator chord for the APNASA and TURBO solutions. The
regions were determined by examining the high entropy flow at significant increase in loss at this location is attributable to the

the stator exit and selecting regions of the computation mesheswake/stator interaction which is captured in the unsteady
that generally approximate these high entropy regions. The core calculation.

flow included all but the high entropy regions. The
irreversibility was calculated at the stator inlet and exit for each
region. The loss production attributed to that region is the

At the stator leading edge station the loss levels are nearly
identical for both codes for each operating condition. The losses
are brought into agreement by differences in the predicted loss
production in the rotor/stator gap.

Conversely, the suction surface boundary layer region has less
loss production due to transport of suction surface boundary
layer fluid to the core flow by the rotor wake/boundary layer

NASA/TM—2003-212180 9



3.36 kW APNASA

TP 378 kW Turbo

PS
0.82 kW APNASA
4.55 kW Turbo

Core

-2.69 kW APNASA
3.28 kW Turbo

0.52 kW Turbo

Hub
0.60 kW APNASA
0.30 kW Turbo

Figure 11. Loss audit at the stator exit location.

interaction. The net result for the stator passage is an increase i
overall time average loss which is attributable to changes in
stator loss production. The magnitude of the loss production

changes are large enough to state that loss production in the

stator has changed due to the rotor wake/stator interaction.

Unsteady loss production

Current design systems don't typically account for blade row
interaction effects on loss production. A simple method for
determining when a particular design may be at risk for
incurring increased losses due to interactions would be valuable.
For example, parameters easily determined from a steady
simulation can be correlated with time varying loss amplitude
from an unsteady simulation. Large unsteady loss amplitudes
are an indication of strong interactions and could indicate that a
steady analysis is inadequate to capture the necessary
phenomena.

The influence of the stator on rotor unsteady loss production
can be quantified by the variation of rotor loss production with
stator position. Figure 13 shows the maximum variation in rotor
loss as a function of back pressure variation. The variation in
rotor loss is normalized by the time average rotor loss. The back
pressure variation is calculated from the APNASA simulation as
the maximum circumferential variation of static pressure at the
rotor trailing edge at 50% span normalized by the rotor static
pressure rise. The variation of rotor loss with stator position is
very small for all cases. This is consistent with the results of
Figure 9 which show no significant differences between

NASA/TM—2003-212180 10
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APNASA and TURBO at the rotor trailing edge.

The influence of the rotor wakes on stator loss production is
of greater importance. Figure 14 shows the variation of stator
unsteady loss as a function of the rotor wake axial velocity
deficit entering the stator at 50% span. The loss is normalized by
the stator time average loss. The axial velocity deficit is
normalized by the free stream axial velocity. Even at peak
efficiency the stator shows a time variation of loss due to the
interaction of the rotor wakes with the stator boundary layer and
stator leading edge. The rotor wakes were already shown to
increase the time average stator loss at peak efficiency. Results
for the near stall case are similar.

The x-axis scale ranges of Figures 13 and 14 represent an
estimate of the range of interaction strength for moderate to
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Figure 13. Unsteady loss variation in a blade row Figure 14. Unsteady loss variation in the stator due
due to a downstream static pressure variation. to the rotor wakes.

highly loaded blading. The stage 35/37 design is at the low end  Time average stator loss is increased due to the rotor wake/
of these parameter ranges and the losses due to interactions argtator boundary layer interaction and rotor wake/stator leading
generally small. In some cases, contemporary HP compressoredge interaction. The distribution of losses in the stator has
designs have interaction strengths much larger than Stage 35/37changed significantly with losses increasing in the pressure
and may suffer from greater interaction losses. For example, surface boundary layer and core flow for the unsteady
figure 13 also includes the range of exit static pressure variation calculation. Interaction of the rotor clearance flow with the
magnitude for embedded stators ahead of transonic rotors. Nostator clearance flow did not produce any increase in time
data are currently available to determine the loss versus average loss production in this case. The time variation of stator
interaction strength trend in this region. It is currently unknown loss is correlated with rotor wake depth to provide some
if losses due to interactions increase dramatically once a guidance as to the magnitude of loss production changes.
threshold interaction strength is reached or if there is a linear
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